N o-tillage (no-till) using mechanized agricultural equipment has been encouraged in the southeastern United States since the 1960s (Phillips and Young, 1973) , following the development of broadleaf herbicides 2,4-D and atrazine [6-chloro-N-ethyl-N¢-(1-methylethyl)-1,3,5,-triazine-2,4-diamine] (Derpsch, 2004) . Interest in no-till was primarily driven by the need to reduce soil erosion and fuel consumption (Larson, 1981; Campbell et al., 1984) . Since that time, considerable effort has been spent on developing better technology for weed control and planting equipment to increase the success and productivity of no-till. In the southeastern United States, achieving benefits from the implementation of strict no-till was extremely challenging due to the hot, humid climate that promotes rapid surface residue decomposition and easily compacted soil types. This facilitated implementation of conservation systems that integrate practices such as reduced tillage (strict no-till, para-till, or strip-till), maintaining 30% crop residue on the soil surface, increasing soil surface coverage by growing winter cover crops, and use of crop rotations.
Soils in the southeastern United States are characteristically sandy in nature, low in organic matter, have low water holding capacities, and are easily compacted by rainfall and machine traffic (Carreker et al., 1977) . These soil conditions often limit water availability and restrict root growth, decreasing crop production. This has hindered the adoption of strict no-till. Use of deep tillage (turning the soil over) or in-row subsoiling has generally been recommended to alleviate root restriction and allow more vigorous growth for water and nutrient exploration (Vepraskas and Guthrie, 1992; Raper et. al., 1994; Torbert and Reeves, 1994; Reeves and Mullins, 1995; Torbert and Reeves, 1995; Mullins et al., 1997; Zou et al., 2001; Rosolem et al., 2002) and to increase yield potentials (Threadgill, 1982; Busscher et al., 1995; Frederick et al., 1998; Busscher et al., 2000; Schomberg et al., 2006) . Specifically, the use of strip tillage to alleviate soil compaction zones has increased in recent years. This practice disturbs only a small zone, leaving the inter-row soil surface area undisturbed, which allows greater residue retention on the soil surface compared to conventional moldboard tillage and disking operations.
Implementing crop rotations in a conservation tillage system also has the potential to increase yields for the Southeast. For instance, crop rotations can provide better weed control, interrupt insect and disease cycles, and improve crop nutrient use efficiency (Karlen et al., 1994) . When grown in rotation, corn grain yields were 10 to 17% greater than under continuous corn (Higgs et al., 1990 ). Significant yield increases for corn grown in rotation also have been observed in experiments where N, P, and K soil test levels were high and pest populations were managed (Copeland and Crookston, 1992) . The greatest impact of crop rotations on yield has been reported in the Corn Belt. However, use of crop rotations in the southeastern United States has been mixed. For example, rotating dryland cotton (Gossypium hirsutum L.) with other crops increased yield only 3% compared with continuous cotton in Alabama (Mitchell, 1996) , whereas cotton rotated with corn produced 12% higher yield than monoculture cotton in Arkansas (Paxton et al., 1995) . Cotton yields ranged from 5% decrease to 28% increase following 1 yr of corn and from 10% decrease to 20% increase following 2 yr of corn in Mississippi under irrigated conditions (Ebelhar and Welch, 1989) . Thus, more information is needed on how crop rotations used with different conservation tillage system approaches impact yields.
Addition of poultry litter to a conservation tillage system can increase soil organic matter (Watts et al., 2010) , thereby potentially providing yield benefits. The Southeast is home to the largest poultry producers in the United States, generating significant amounts of litter. Historically, the most common use for this poultry litter has been land application to pastures. However, poultry litter can serve as a relatively inexpensive nutrient source for crop production (Nyakatawa and Reddy, 2002; Moss et al., 2001) . Research has shown that poultry litter use with cropping systems under conservation tillage can increase soil organic matter content of eroded southeastern soils (Edwards et al., 1992; Watts et al., 2010) . Thus, the addition of poultry litter to a conservation tillage system managed with cover cropping and crop rotations may provide yield increases for crops grown in the southeastern United States.
Most of the research on conservation tillage systems in the southeastern United States has focused on cotton production. However, corn is by far the largest row crop produced and exported in the United States, followed by soybean (USEPA, 2009) . While the majority of this production occurs in the Midwest, corn and soybean land area in the Southeast is predicted to increase in coming years. Historically, these crops have been a source of food for human and animal consumption (feed). Interest in renewable bioenergy production has substantially increased the price and demand for these crops within recent years. Responding to the Energy Policy Act of 2005 (U.S. Government, 2005) , which established a new Renewable Fuels Standard mandating the use of 28.4 million L (7.5 billion gallons) of renewable fuel in the United States by 2012 (from 15.1 million L, or 4 billion gallons, in 2006), the corn-based ethanol and soybean-biodiesel industry is expanding at an unprecedented rate (Endale et al., 2008) . In the southeastern United States, changes in production of corn and soybean have already started to experience an increase to respond to the expanding ethanol and biodiesel industry. Thus, to achieve the greatest yield potential for corn and soybean production in the southeastern United States, an area that historically has been dominated by cotton production, producers need regionally specific information on how cropping systems managed under different conservation systems interact together to develop best management practices for their farming conditions.
There is a paucity of information on how different agricultural practices integrated in a conservation tillage system influence corn and soybean grain yield in the southeastern United States. Multiple-year evaluations are needed to examine the sustainability of these cropping systems due to year-to-year variability of environmental conditions. The objectives of this study were to determine the impact that tillage, poultry litter application, and crop rotations have on corn and soybean grain yield during nine growing seasons.
MATERIALS AND METHODS
Site Description A long-term study was initiated in spring of 1980 at the Sand Mountain Research and Extension Center in the Appalachian Plateau region of northeast Alabama near Crossville (34°18¢ N, 86°01¢ W). The soil was a Hartsells fine sandy loam. The Hartsells series consists of moderately deep, well-drained, moderately permeable soils that formed in loamy residuum weathered from acid sandstone containing thin strata of shale or siltstone. Climate in this region is subtropical with no dry season; mean annual rainfall is 1325 mm, and mean annual temperature is 16°C (Shaw, 1982) . Before field study initiation in 1980, the site had been under intensive row crop production for more than 50 yr.
Experimental Design and Treatments
An evaluation of grain yield for corn and soybean was conducted from 1991 through 2001. The experiment was a splitsplit plot design with a randomized complete block arrangement of three tillage treatments (initiated in 1980), four crop rotations (initiated in 1980), and two fertilization treatments (initiated in 1991) for which there were four blocks. The main plots were tillage, the split plots were rotations, and the split-split plots were fertilization. The cropping systems consisted of corn and soybean. Each plot consisted of four rows. Row spacings for the four row plots were 0.92 m for corn and 0.69 m for soybean. Main plots (tillage) were 32.9 by 15.25 m, split plots (rotations) were 5.49 by 15.25 m, and split-split plots (fertilization) were 5.49 by 7.62 m with a 1.82-m buffer separating the plots. The tillage treatments (main plots) consisted of conventional tillage (CT; moldboard plowing and disking followed by rototiller in the spring), no-tillage (NT; planting into crop residue with a double disk-opener planter), and strip tillage (planting behind a strip-till shank to a 35-to 40-cm depth). Strip tillage consisted of using a four-row KMC strip tillage unit equipped with a coulter, shank, and rolling baskets. This created a 30-cm-wide clean tilled strip in each row. Rotation treatments were continuous corn-wheat cover, continuous soybean-wheat cover, corn-wheat cover-soybean-wheat cover, and soybean-wheat cover-corn-wheat cover. The rotational corn-wheat coversoybean-wheat cover and soybean-wheat cover-corn-wheat cover treatments alternated yearly to evaluate the impact crop rotations had on corn or soybean grain yield each year.
Cultural Practices
Wheat cover crops were established the preceding fall of each year and seeded at a rate of 100 kg ha -1 . After wheat emergence, 112 kg N ha -1 as NH 4 NO 3 and poultry litter were applied to the wheat cover of the corn and soybean crops. Desiccation of wheat cover occurred 2 wk before the anticipated planting of cash crops. Approximately 1 wk after cover crop desiccation, strip tillage and conventional tillage operations were administered to the appropriate plots. A day or two after tillage operations occurred, the subsequent corn and soybean crops were planted at a rate of 57,000 seed ha -1 and 32 seed m -1 , respectively. Corn was planted in mid-April, and soybean was planted in early June of each year. Corn received 56 kg N ha -1 at planting and an additional 168 kg N ha -1 as NH 4 NO 3 (no poultry litter was applied to corn) 2 to 3 wk after emergence. No fertilizer was applied to the soybean crop. Both poultry litter and NH 4 NO 3 were surface-broadcasted by hand. The average poultry litter nutrients applied each year from 1991 to 2001 was 112 kg N ha -1 , 6.5 kg P ha -1 , 96 kg K ha -1 , 86 kg Ca ha -1 , and 6 kg Mg ha -1 to the wheat cover crop. Dolomitic lime, KCl (0-0-60) ,and P were applied in the fall according to Auburn University soil test recommendations. Phosphorus was not applied to plots receiving poultry litter to prevent P buildup. Lime and K application rates varied across years, but all plots received the same amount when applied. No additional micronutrients other than those contained in the poultry litter were applied during the 10-yr study period.
Weed control initially consisted of atrazine followed by glyphosate [N-(phosphonomethyl) glycine] applied post-emergence for the corn plots. Weed control in soybean plots was accomplished by applying Imazaquin {2-[4,5-dihydro-4-methyl-4-(1-methylethyl)-5-oxo-1H-imidazol-2-yl]-3-quinoline-carboxylic acid} at planting; Linuron [(N¢-3,4-dichlorophenyl)-N-methoxy-N-methyl-urea] and 2,4-DB (4-(2,4-dichlorophenoxy)butanoic acid) were tank-mixed and applied post-directed to soybean for weed control. Additional weed control was achieved by hand weeding and cultivation as needed in the NT and CT, respectively, for corn and soybean plots.
Corn was harvested in mid-September of each year using a mechanical combine. The center two rows of each plot were used for grain yield. Yield was determined by weighing the freshly harvested grains in the field and adjusting weight based on the subsample collected to 150 g kg -1 . Similar to corn, soybean was harvested in mid-October of each year using a mechanical combine. The center two rows of each plot were harvested for seed yield, and weights were adjusted to 130 g kg -1 .
Statistics
The experimental design was a split-split plot with four replications. For each cropping system, tillage was the main plot, rotation was the split plot, and poultry litter vs. no poultry litter was the split-split plot. Corn and soybean grain yield analyses were performed separately using the MIXED procedure of SAS (Littell et al., 1996) . Cropping systems, fertilization regimes, and tillage treatments were analyzed as fixed effects, whereas replication and years were random effects. Interaction effects were entered into the model as fixed or random effects as appropriate. Means were compared using the LSmeans statement (diff and pdiff) in PROC MIXED. Means were separated using a significance level of α = 0.10, which was established a priori.
RESULTS AND DISCUSSION
In general, evaluation of corn and soybean yields indicated that the use of poultry litter and crop rotations can impact yields in the Southeast. Historically poultry litter has been applied to actively growing hayfield or pastures, regardless of season, following removal from poultry production facilities. This study focuses on the effects that poultry litter application to an actively growing cover crop has on succeeding soybean and corn crops. Thus, although numerous studies have evaluated the impact poultry litter application to the cash crop, few experiments have evaluated the application to cover crops. The following discussion is an in-depth look at how corn and soybean management practices impact crop yields in the southeastern region.
Weather Conditions
Temperature conditions for each growing season are shown in Table 1 . Generally, monthly temperatures between seasons were normal and did not deviate much (more than 2-3°) from the 30-yr average during the course of this study. However, precipitation varied markedly between years and within months ( Table 2 ). The wettest growing seasons (from April to September) were observed during 1994, 1995, 1996, and 1997 , with precipitation totals within these years above the 30-yr average. The lowest rainfall amounts were observed during 1991, 1993, 1998, and 2001 , with precipitation totals falling below the 30-yr average for rainfall. Difference in rainfall percentages between the driest and wettest growing seasons ranged from 33% below the 30-yr average in 1993 to 62% above the 30-yr average in 1997.
Weather Variability Effects on Corn and Soybean Yield
Weather conditions were exceptional for evaluating the year-to-year variability of grain yield response for a dryland production system. The contrasting weather conditions from year to year produced drastically different growing conditions for the corn and soybean crops. Although differences in weather conditions were observed, rainfall and soil moisture was sufficient enough to produce crop yields each year. Mean grain yields averaged across treatments for each year are presented in Table 2 . Grain yield varied from year to year. The mean corn grain yield harvested from 1991 to 2001 ranged from 4.3 to 11.0 Mg ha -1 (SE = 0.69), resulting in a 155% total difference during 9 yr. Similarly, mean soybean grain yield from 1991 to 2001 ranged from 1.8 to 3.4 Mg ha -1 (SE = 0.20), resulting in 85% difference. Variations in precipitation amounts and patterns, impacting water availability during the hot, summer months between seasons, is most likely the greatest cause for observed differences in grain yield response during the 9-yr study. In general, the highest corn and soybean grain yields were observed during years when rainfall was close to or above the 30-yr average. Normal or better corn grain yield was observed in 1992, 1994, 1996, 1997, and 2001 , with the greatest yield in 2001. Similarly, soybean produced normal or better grain yield in 1991, 1994, 1995, 1997, and 2001 , with greatest yield in 1995. Although the greatest seasonal rainfall occurred in 1997, the greatest grain yield was not observed during this year for corn or soybean. This was because most of the rainfall occurred during early growth of the corn and soybean crops during the 1997 growing season. Most likely, excess rainfall during this time of the season resulted in delayed plant development, as well as loss of fertilizer nutrients through leaching or surface-water transport, thereby reducing grain yield. Lower-than-average rainfall observed during the growing season in this study most likely resulted in periods of drought stress to the crop, thereby decreasing grain yield. The lowest corn grain yield was observed in 1993, when rainfall percentages were approximately 33% below the average 30-cm rainfall. Similar to the corn grain yield observed in 1993, soybean grain yield also was adversely affected by drought conditions. Even though the lowest soybean yield was observed in 1992, this was most likely caused by delayed planting due to excess rainfall during the early portion of June.
Corn Grain Yield Response to Treatments
Mean corn grain yield as affected by tillage, fertilizer, and crop rotations are shown for each year in Table 3 . Corn grain yield was significantly affected by interactions between tillage and fertilization in 1992 (Table 4 ). The highest grain yield was observed in the conventional tillage with poultry litter. Although conventional tillage with poultry litter produced the highest yield in 1992, no differences were observed for grain yield between the strip tillage and conventional tillage treatment. A rotation and fertilization interaction was observed in 1992 and 1998. In both years, grain yield averaged across tillage was significantly higher for the corn-soybean rotation with poultry litter compared with the corn-soybean rotation with commercial fertilizer and continuous corn with poultry litter or commercial fertilizer. No-tillage and rotation interaction effects were observed for grain yield.
Significant differences were observed for the main effects of tillage, rotation, and fertilization when evaluating grain yield by years. Tillage significantly influenced corn yield in 1991, 1992, 1993, 1994, 1996, 1997, 1998, and 2001 . In the 8 yr that tillage was significantly different, conventional tillage produced the highest yields for 6 out of 8 yr, while no-till and strip-till each produced the highest yield for 1 yr. Corn grain yields were significantly increased by rotation in all years except 2001. Although no significant differences were observed in 2001, rotating the crops increased grain yields compared with yields without a rotation. The significant corn grain yield increases observed in 8 out of the 9 yr evaluated suggests that crop rotations in corn production systems may increase and maintain sustainable yields. One reason for increased yields probably results from growing corn in rotation with a legume. Soybean planted the previous year probably supplied some additional N to the subsequent corn crop. Previous research has also reported increased grain yield when growing corn in rotation with soybean compared with continuous corn in the midwestern Corn Belt (Crookston et al., 1991; Meese et al., 1991; Porter et al., 1997; Lauer, 2002, 2003; . Residual N from the previous soybean crop was probably not the only benefit from the rotation (Torbert et al., 1996) . For instance, research has shown that corn grown in rotation had higher yields compared with corn grown in monoculture systems, even when the presence of N, P, and K were not limited . Thus, increasing the N rate will not produce the same benefits as crop rotations in a production system. Most studies evaluating the impact of corn and soybean rotations have been conducted in the northern Corn Belt. Historically in the South, crop rotations have been used in cotton, tobacco (Nicotiana tabacum L.), and peanut (Arachis hypogaea L.) systems. Similar to the northern Corn Belt, these results show that long-term management of corn in rotation with soybean will increase yields relative to a monocultural cropping system in southeastern U.S. soils.
Addition of poultry litter to the wheat cover crop significantly influenced corn yields in 1991, 1997, and 1998. Although not significant in all years, poultry litter addition consistently increased grain yields in 8 of the 9 yr studied. These results show that poultry litter addition to the soil can increase corn grain yields. The addition of the poultry litter, relative to commercial fertilizers, increases the amount of macroand micronutrients in soil, thus increasing the grain yield potential. In addition, some residual N from the poultry litter most likely supplied the corn with increased N. Similar results have been reported by Mitchell and Tu (2005) and Sistani et al. (2008) . They attributed increased corn grain yield from poultry litter additions to an increase in micronutrient concentrations supplied to the soil, particularly Zn found in the litter. Overall, the findings from this study show that crop rotations had the greatest impact on corn grain yields as evidenced by a more consistent impact on yield compared with tillage and poultry litter application. There was no tillage × rotation × fertilization interaction effect observed for corn grain yield in this study.
Soybean Grain Yield Response to Treatments
Mean soybean grain yields for each year are shown in Table 5 . Tillage, crop rotations, and fertilization influenced grain yield. This was evidenced by tillage, rotations, and fertilization main effects (Table 6 ). However, no tillage × rotation × fertilizer interaction or any combination of the effects was observed between treatments. Tillage significantly impacted yield in 1992, 1994, 1997, and 2001 . Conventional tillage produced the greatest yields in 1992 and 1994, while no-tillage produced the greatest yields in 1997 and 2001. These results suggest that, unlike the corn systems evaluated, tillage was less effective at impacting soybean grain yield compared with corn. Wilhelm and Wortmann (2004) found similar results in a rain-fed 16-yr corn and soybean production system in southeastern Nebraska. Deep tillage increased corn yield, whereas no differences were observed between tillage in the soybean system. Lueschen et al. (1992) reported that soybean grain yield differences between tillage (moldboard, chisel, spring disking) were small and inconsistent, making it nearly impossible to single out any tillage system. This suggests that a similar level of soybean grain production can be achieved with no-till or striptill compared with conventional tillage.
Rotating soybean with a corn crop significantly impacted yield in 1991, 1992, 1995, and 1998 , with the soybean-corn rotation treatment increasing yield in 1991, 1992, and 1995 and decreasing yields in 1998. Although not significant in all years, soybean-corn rotation produced higher yields 6 out of 9 yr compared with continuous soybean. In 1993 and 1998, when continuous soybean produced higher grain yields than soybean following a corn rotation, the driest growing seasons were observed, thereby producing soil conditions that were conducive for normal yields. On the other hand, although the 2001 growing season as a whole experienced higher than the normal 30-yr average rainfall, June was an extremely dry month, which most likely negatively impacted soybean production. Similar results have been reported by others, showing that soybean grown in rotation produced consistently higher yields compared with monoculture (Dabney et al., 1988; Edwards et al., 1988; Pedersen and Lauer, 2003) . Fertilization treatments had the greatest impact on soybean yield. Addition of poultry litter to the wheat cover crop increased soybean yield in all years evaluated between 1991 and 2001, except 2001. Poultry litter addition to the soybean cropping system had the greatest impact on grain yield compared with tillage and crop rotations. This is in agreement with Adeli et al. (2005) , who observed that applying poultry litter to soybean at planting increased grain yield compared with commercial fertilizer. Adeli et al. (2005) reported that the increased grain yield was attributed to macro-and micronutrients from the applied poultry. In their study, the same amount of available P and N that was in the poultry litter was applied to plots not receiving poultry litter using commercial fertilizer. Regardless of these supplements, the poultry litter treatments produced higher grain yield than the plots that received no poultry litter. In our study, poultry litter was applied each fall (November) to the wheat cover crop. Commercial fertilizer was applied at the same rate as poultry litter based on total N and P content (not available N and P content). The plots that received poultry litter produced higher yields than the commercial fertilizer plots. Thus, these results indicate that the addition of poultry litter to winter cover crops can effectively increase grain yield production of the succeeding soybean crop. CONCLUSIONS Improving the integration of conservation agricultural practices is important to enhance conservation tillage in the Southeast. This study demonstrated the influence that tillage, poultry litter application, and crop rotations can have on grain production of corn and soybean managed under conservation tillage systems for other types of soils and climates than in the northern Corn Belt soil. Grain yield measurements were evaluated from 1991 to 2001. Results from this study show that crop rotations are very important in corn production systems in the Southeast. Corn rotated with soybean had the most consistent increase in yield compared with continuous corn. Soybean gain yield also was increased with crop rotation. This was most evident in years where rainfall total was close to the 30-yr average or above. Addition of poultry litter also increased grain yield of corn and soybean. An increase in grain yield resulting from poultry litter application was most likely caused by addition of micronutrients to the soil. No-till, strip tillage, and conventional tillage all produced similar levels of soybean grain production, whereas conventional tillage was favored with corn production. This study shows that the use of poultry litter and crop rotations in a conservation tillage system could increase grain yield production of corn and soybean in the southeastern United States.
